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Sdudphwulf hvwlpdwlrq dssurdfkhv duh zlgho| e| fhqwudo edqnv dv
wkh| surgxfh vprrwk whup vwuxfwxuhv zlwk uhodwlyho| ihz sdudphwhuv1
Lq wkh sdshu L lpsohphqw wkh Qhovrq dqg Vlhjho +4<;:, prgho iru
Vzlw}huodqg1 Wkh hvwlpdwlrqv xvh gdlo| revhuydwlrqv ri Vzlvv jryhuq0
phqw erqgv iurp Mdqxdu| 4<<7 wr Mxo| 4<<;1 Wr ryhufrph wkh odfn ri
vx!hqw gdwd lq wkh yhu| vkruw uxq/ wkh 40prqwk dqg 40|hdu Hxurpdunhw
udwh duh dgghg1 Wkh nqrzohgjh ri wkh ghshqghqflhv ri wkh whup vwuxf0
wxuh iurp wkh srvvleoh sdudphwhu frqvwhoodwlrqv lv xvhg wr fdoleudwh wkh
prgho iru wkh Vzlvv pdunhw1 Wkh uhvxowv vkrz wkdw wkh sdudphwhuv duh
vwdeoh ryhu wlph1 Wkh vprrwk vkdsh dqg wkh vwdeololw| ryhu wlph pdnh
lw d ydoxdeoh wrro iru prqhwdu| srolf|1
Nh|zrugv= Whup vwuxfwxuh ri lqwhuhvw udwhv/ Lqwhusrodwlrq
MHO frgh= H76
4 Lqwurgxfwlrq
Wklv sdshu hvwlpdwhv wkh Vzlvv whup vwuxfwxuh xvlqj qrq0fdoodeoh jryhuq0
phqw erqgv1 Dv }hur frxsrq erqgv duh qrw wudghg rq wkh Vzlvv jryhuqphqw
erqg pdunhw/ zh fdqqrw ghulyh wkh vsrw udwh fxuyh gluhfwo|1 L wkhuhiruh xvh
wkh Qhovrq dqg Vlhjho +4<;:, surfhgxuh wr ghulyh wkh whup vwuxfwxuh iurp
frxsrq0ehdulqj erqgv iru gdlo| revhuydwlrqv ri Vzlvv jryhuqphqw erqgv ryhu
wkh shulrg iurp Mdqxdu| 4<<7 wr Mxo| 4<<;1 Wkh Qhovrq2Vlhjho prgho ds0
sur{lpdwhv wkh vkdsh ri wkh whup vwuxfwxuh zlwk d vhtxhqfh ri h{srqhqwldo
whupv1 Wkh dlp lv wr jhw d vprrwk whup vwuxfwxuh wkdw lv  h{leoh hqrxjk wr
uhsolfdwh wkh vkdsh ri wkh dfwxdo whup vwuxfwxuh1 D vprrwk whup vwuxfwxuh
WXqlyhuvlw| ri Ehuq dqg Vzlvv Lqvwlwxwh ri Edqnlqj dqg Ilqdqfh/ Xqlyhuvlw| ri Vw1
Jdoohq1 L wkdqn Dqguhdv Ju qelfkohu/ Mhuh| Qlovhq/ Sklolssh Edffkhwwd/ Qlfrodv Fxfkh/
Pduwlq Khvv dqg vhplqdu sduwlflsdqwv dw wkh Xqlyhuvlw| ri Ehuq iru khosixo frpphqwv
dqg vxjjhvwlrqv1 Doo huuruv duh p| uhvsrqvlelolw|1 Uhvhdufk vxssruw iurp wkh Vwxglhq}hq0
wuxp Jhu}hqvhh dqg wkh Iùughuyhuhlqljxqj ri wkh Vzlvv Lqvwlwxwh ri Edqnlqj dqg Ilqdqfh/
Xqlyhuvlw| ri Vw1 Jdoohq/ lv judwhixoo| dfnqrzohgjhg1
4lpsolhv vwdeoh iruzdug udwhv/ d ghvludeoh surshuw| iru wkh lqwhusuhwdwlrq lq
prqhwdu| srolf| dv zhoo dv iru sulflqj lqwhuhvw udwh ghulydwlyhv1 Wkh pdlq
hpskdvlv ri wkh sdshu lv sodfhg rq wkh qxphulfdo lpsohphqwdwlrq iru wkh
Vzlvv pdunhw1 L vkrz krz rq hfrqrplf jurxqgv rqh fdq vhw xs erxqgdulhv
dqg uhvwulfwlrqv wkdw hqvxuh frqyhujhqfh ri wkh rswlpl}dwlrq surfhvv1 Wr0
jhwkhu zlwk wkh vwduwlqj ydoxhv/ wkhvh erxqgdulhv duh fuxfldo wr jxdudqwhh dq
dffxudwh whup vwuxfwxuh hvwlpdwlrq rq doo 44:9 revhuydwlrq gd|v1
Wkh uhpdlqghu ri wkh sdshu lv rujdql}hg dv iroorzv1 Vhfwlrq 5 uhylhzv
wkh olwhudwxuh dqg wkh h{shulhqfh iurp rwkhu frxqwulhv1 Vhfwlrq 6 ghvfulehv
wkh edvlf frqfhswv zklfk duh lpsruwdqw iru hvwlpdwlqj dqg lqwhusuhwlqj wkh
whup vwuxfwxuh1 Wkh Qhovrq2Vlhjho prgho lv suhvhqwhg lq vhfwlrq 7 iroorzhg
e| dq ghvfulswlrq ri wkh glhuhqw vwhsv wr hvwlpdwh wkh prgho lq vhfwlrq 81
Vhfwlrq 9 suhvhqwv wkh hpslulfdo uhvxowv ri wkh dssolfdwlrq wr gdlo| sulfhv ri
Vzlvv jryhuqphqw erqgv iurp Mdqxdu| 57/ 4<<7 wr Mxo| 64/ 4<<;1 Vhfwlrq :
vxppdul}hv wkh sdshu dqg pdnhv frqfoxglqj uhpdunv1
5 Wkh H{shulhqfh zlwk Whup Vwuxfwxuh Prghov
E d v h gr qE r q gG d w d
Wkh phwkrg e| Qhovrq dqg Vlhjho +4<;:, dqg wkh h{whqghg yhuvlrq e| Vyhqv0
vrq +4<<7, duh zlgho| xvhg e| fhqwudo edqnv1 Dprqj rwkhuv/ wkh Edqn ri
Hqjodqg/ wkh Ghxwvfkh Exqghvedqn/ wkh Ùvwhuuhlfklvfkh Qdwlrqdoedqn dqg
wkh Edqtxh gh Iudqfh pdnh xvh ri wkhvh hvwlpdwlrq whfkqltxhv1 Qhovrq dqg
Vlhjho +4<;:, sursrvh wkh prgho wr w d whup vwuxfwxuh wr X1V1 Wuhdvxu|
eloo |lhogv1 Wkh| xvh 6: prqwko| vdpsohv iurp Mdqxdu| 4<;4 wkurxjk Rfwr0
ehu 4<;61 Wkh remhfwlyh ri wkhlu hpslulfdo zrun zdv wr qg d sduvlprqlrxv
prgho wkdw lv dghtxdwh wr ghvfuleh wkh uhodwlrqvkls ehwzhhq lqwhuhvw udwhv
dqg wlph wr pdwxulw|1 Vyhqvvrq +4<<7, dssolhv klv h{whqvlrq wr zhhno| gdwd
iurp Vzhghq iru wkh shulrg iurp Pd| 4<<5 wr Mxqh 4<<71 Kh ghprqvwudwhv
wkh hvwlpdwlrq dqg wkh lqwhusuhwdwlrq ri wkh whup vwuxfwxuh dv dq lqglfdwru
ri pdunhw h{shfwdwlrqv ri ixwxuh vkruw udwhv/ prqhwdu| srolf|/ lq dwlrq udwhv
dqg fxuuhqf| ghsuhfldwlrq udwhv1 Erwk phwkrgv kdyh ehfrph srsxodu dv
wkh| uhfrqfloh wkh iroorzlqj wkuhh fkdudfwhulvwlfv=
 Vx!flhqw  h{lelolw| wr uh hfw wkh lpsruwdqw dqg w|slfdo sdwwhuqv ri
wkh revhuyhg pdunhw gdwd1
 Uhodwlyho| urexvw djdlqvw glvwxuedqfhv iurp lqglylgxdo revhuydwlrqv1
 Dssolfdeoh zlwk rqo| d ihz revhuydwlrqv1
Lq Qryhpehu 4<<7 wkh Edqn ri Hqjodqg dgrswhg wkh Vyhqvvrq +4<<7,
whfkqltxh iru hvwlpdwlqj |lhog fxuyhv iurp jryhuqphqw erqgv14 Wkh lq0
4Ehiruh xvlqj wkh Vyhqvvrq dssurdfk/ wkh Edqn ri Hqjodqg wwhg d fxelf vsolqh wkurxjk
|lhogv wr pdwxulw| e| plqlpl}lqj wkh vtxduhg glhuhqfhv ehwzhhq revhuyhg dqg wwhg
5wurgxfwlrq dqg wkh lqvwlwxwlrqdo dgdswdwlrqv duh vxppdul}hg e| Euhhgrq
+4<<8, lq wkh Txduwhuo| Uhsruw ri wkh Edqn ri Hqjodqg1 Ghdfrq dqg Ghuu|
+4<<7d> 4<<7e,5 uhsruw rq wkh hydoxdwlrq ri glhuhqw dowhuqdwlyhv1 Lq wkh
Xqlwhg Nlqjgrp lqyhvwruv zkr idfh d pdujlqdo lqfrph wd{ udwh exw qr wd{0
dwlrq rq fdslwdo jdlqv irup d odujh sursruwlrq ri wkh pdunhw vr wkdw orz
frxsrq erqgv fduu| d sulfh suhplxp1 Wkh Edqn ri Hqjodqg wkhuhiruh lqwur0
gxfhv wzr ixuwkhu sdudphwhuv wr fdswxuh wkhvh wd{ hhfwv16
W k hG h x w v f k hE x q g h v e d q ni r o o r z h gl qi d o o4 < < :d q gl q w u rg x f h gw k hV y h q v 0
vrq +4<<7, dssurdfk lq wkhlu sxeolfdwlrqv1 Vfklfk +4<<:, ghvfulehv lq ghwdlo
wkh qxphulfdo vshflfdwlrqv fkrvhq e| wkh Exqghvedqn1 Lw uhsodfhg wkh
|lhog fxuyh dssur{lpdwhg e| d olqhdu0orjdulwkplf uhjuhvvlrq dqdo|vlv wkdw lv
ghvfulehg lq wkh dsshqgl{ ri wkh Prqdwvehulfkwh ghu Ghxwvfkhq Exqghv0
edqn +4<;6> 4<<4,71 Wkh Exqghvedqn dqqrxqfhg wkh fkdqjh lq phwkrg lq
wkh Prqdwvehulfkw +4<<:,1 Wkh vdph duwlfoh judsklfdoo| looxvwudwhv krz wkh
qhz dssurdfk doorzv iru pruh  h{lelolw| dqg hqxphudwhv wkh dgydqwdjhv1 Iru
h{dpsoh/ +d, lpsolhg iruzdug udwhv fdq eh gluhfwo| ghulyhg iurp wkh jlyhq
vsrw udwhv/ +e, h{shfwdwlrqv fdq eh dqdo|}hg zlwk ehwwhu dffxudf| dqg +f, dv
|lhogv1 Wkh hvwlpdwlrq surfhgxuh dovr lqfoxghg dgmxvwphqwv iru wd{ hhfwv e| prghoolqj
wkh ghshqghqfh ri wkh |lhog iurp frxsrq dqg pdwxulw|1 Vwhhoh| +4<<4, fulwlfl}hv wkh
lpsuhflvh hvwlpdwlrq uhvxowv ri frqyhqwlrqdo vsolqh hvwlpdwlrqv1
5Wkh zrunlqj sdshu +4<<7e, ghvfulehv wkh zkroh uhvhdufk surfhvv1 Wkh iroorzlqj olvw ri
prghov kdv ehhq lqyhvwljdwhg e| wkh Edqn ri Hqjodqg= PfFxoorfk +4<:8,/ Vfkdhihu +4<;4,/
Qhovrq dqg Vlhjho +4<;:, dqg Vyhqvvrq +4<<7,1 Wkh Txduwhuo| Uhsruw +4<<7d, surylghv d
vxuyh| ri wkh pdlq uhvxowv1
6Wkh sdudphwhuv wr dgmxvw iru wd{ hhfwv duh ghvfulehg e| Frrshu dqg Vwhhoh| +4<<9,=
+d, Lq wkh Xqlwhg Nlqjgrp erqgv wudgh h{0glylghqg gxulqj d fhuwdlq shulrg ri wkh |hdu1
Wkh suhihuhqwldo wd{ wuhdwphqw ri fdslwdo jdlqv frpsduhg wr frxsrq lqfrph uhvxowv lq
d sulfh suhplxp iru h{0glylghqg wudghg erqgv1 +e, Dqrwkhu vrxufh iru d srvvleoh sulfh
suhplxp lv wkh ghfoduldwlrq ri vrph erqgv dv Iuhh Ri Wd{ iru Uhvlghqwv Deurdg +IRWUD,1
7Wkh dssurdfk zdv edvhg rq jryhuqphqw ghew +Exqg/ Edkq dqg Srvw,1 Erqgv zhuh
vruwhg dffruglqj wr wlph wr pdwxulw|1 Wkhq dq dyhudjh jurxs udwh - zdv fdofxodwhg iru hdfk
wlph wr pdwxulw| vhjphqw 1 Ehiruh 4<;6/ wkh lq xhqfh ri wkh ohyho ri wkh frxsrqv rq wkh
sulfh zdv qhjohfwhg/ dv whvw fdofxodwlrqv lq 4<:; kdyh uhyhdohg qr v|vwhpdwlf uhodwlrqvkls











zkhuh A ￿ ghqrwhv wkh dyhudjh wlph wr pdwxulw| iru d vshflf wlph wr pdwxulw| vhjphqw
1 Diwhu 4<:; lqwhuhvw udwh pryhphqwv rq wkh Jhupdq pdunhw lqfuhdvhg dqg wkh frxsrq
hhfw jrw pruh lpsruwdqw1 Wklv lqgxfhg wkh Exqghvedqn lq 4<;6 wr dxjphqw wkh deryh
uhjuhvvlrq htxdwlrq e| wzr whupv wr dffrxqw iru wkh frxsrq hhfw1 Wkh dyhudjh qrplqdo














zlwk wzr dgglwlrqdo whupv ghshqglqj rq wkh dyhudjh qrplqdo frxsrq udwh  lq wkh wlph
wr pdwxulw| vhjphqw 1 Ehjlqqlqj lq 4<;6 wkh h{whqghg yhuvlrq kdg ehhq hvwlpdwhg dqg
wkh sxeolvkhg |lhog whup vwuxfwxuhv kdg ehhq fruuhfwhg e| wkh frxsrq hhfwv1
6orqj0whup lqwhuhvw udwhv frqyhujh wr d frqvwdqw/ wkh whup vwuxfwxuh prghov
ri Qhovrq2Vlhjho dqg Vyhqvvrq surgxfh sodxvleoh h{wudsrodwlrqv1 Wkh iru0
phu olqhdu0orjdulwkplf uhjuhvvlrq dssurdfk frqwdlqhg whupv wkdw duh olqhduo|
uhodwhg wr wlph wr pdwxulw| dqg khqfh h{wudsrodwlrq pd| jhqhudwh qhjdwlyh
ru lqqlwho| kljk lqwhuhvw udwhv1
Wkh hpslulfdo lqyhvwljdwlrq rq wkh Dxvwuldq jryhuqphqw erqg pdunhw
e| Eudqgqhu dqg Mdhjhu +4<<5, frpsduhv wkh Qhovrq2Vlhjho prgho dqg wkh
dssurdfk e| wkh Ùvwhuuhlfklvfkh Nrqwurooedqn18 Wkh frqfoxvlrq lv wkdw wkh
Qhovrq2Vlhjho prgho shuirupv ehwwhu1 Jh|hu dqg Pdghu +4<<<, hvwlpdwh wkh
Qhovrq2Vlhjho prgho iru wkh Ùvwhuuhlfklvfkh Qdwlrqdoedqn1 Ehiruh dsso|lqj
wkh prgho wr wkh gdwd vhw ri jryhuqphqw erqg |lhogv wkh dxwkruv h{foxgh
rxwolhuv19 Ehvlghv Dxvwuld/ wkh| dqdo|}h wkh whup vwuxfwxuh iru Jhupdq|/
X1N1/ X1V1D1 dqg Mdsdq ryhu wkh shulrg iurp 4<<6 wr 4<<;1 Wkh| qg/ wkdw
wkh Vyhqvvrq prgho grhv qrw lpsuryh wkh hvwlpdwlrq uhvxowv1
Ulfduw dqg Vlfvlf +4<<8, dsso| wkh Qhovrq2Vlhjho prgho wr Iuhqfk jryhuq0
phqw erqgv iurp 4<;30<81 Lq olqh zlwk Jh|hu dqg Pdghu +4<<<,/ wkh| suhihu
wkh sduvlprqlrxv Qhovrq2Vlhjho prgho wr wkh h{whqvlrq e| Vyhqvvrq ehfdxvh
dw wkh vkruw hqg ri wkh whup vwuxfwxuh wkhuh duh qrw hqrxjk erqg |lhogv dydlo0
deoh wr dffxudwho| hvwlpdwh wkh h{whqghg yhuvlrq1 Xvlqj wkhvh Qhovrq2Vlhjho
whup vwuxfwxuh hvwlpdwhv iru Iudqfh/ Mrqghdx dqg Ulfduw +4<<:, hydoxdwh
wkh lqirupdwlrq frqwhqw ri wkh whup vwuxfwxuh uhjduglqj ixwxuh fkdqjhv lq
lqwhuhvw udwhv dqg fkdqjhv lq lq dwlrq1
Iru Vzlw}huodqg/ Khoohu +4<<:, hvwlpdwhv wkh whup vwuxfwxuh iru Dsulo 56/
4<<: xvlqj wkh Qhovrq dqg Vlhjho +4<;:, phwkrg1 Kh looxvwudwhv wkh srzhu ri
wkh surfhgxuh iru prqhwdu| sxusrvhv dqg vkrzv krz lqirupdwlrq derxw lq0
 dwlrq h{shfwdwlrqv fdq eh h{wudfwhg xvlqj wkh h{shfwdwlrqv k|srwkhvlv dqg
wkh Ilvkhu htxdwlrq1 Vrpphu +4<<<, hpsor|v wkh Qhovrq2Vlhjho surfhgxuh wr
hvwlpdwh wkh whup vwuxfwxuh iru glhuhqw udwlqj fodvvhv1: Wreohu +4<<<, sur0
srvhv d wzr0vwhs surfhgxuh wkdw frpelqhv wkh Qhovrq2Vlhjho dssur{lpdwlrq
zlwk edvlv vsolqh dssur{lpdwlrq iru vkruwhu pdwxulwlhv1
8Wkh dssurdfk e| wkh Ùvwhuuhlfklvfkh Nrqwurooedqn lv vlplodu wr wkh iruphu dssurdfk
ri wkh Ghxwvfkh Exqghvedqn xvhg xqwlo 4<;61 Krzhyhu/ wkh ghshqghqw yduldeoh lv wkh
orjdulwkp ri wkh |lhogv/ *?E-1
*?E-'qf n q￿ *?EA/
zkhuh A lv djdlq wkh wlph wr pdwxulw|1 Iru d ghwdlohg glvfxvvlrq vhh Slfkohu +4<<;,1
9Jh|hu dqg Pdghu +4<<<,= Iluvw/ d vprrwkhg fxuyh lv wwhg wr wkh revhuyhg |lhogv
xvlqj Fohyhodqg*v +4<:<, vprrwklqj dojrulwkp1 Vhfrqg/ |lhogv ri erqgv wkdw duh cwrr
idu* iurp wkh vprrwkhg fxuyh duh frqvlghuhg wr eh rxwolhuv dqg h{foxghg1 Wkh ghflvlrq
uhjduglqj rxwolhuv lv edvhg rq wkh lqwhutxduwloh udqjh dqg d sdudphwhu zkrvh ydoxh kdv
ehhq {hg rq wkh edvlv ri h{shulphqwv1
:Suhylrxv vwxglhv ri Ehhu +4<<3, dqg Ghssqhu +4<<5, frpsduhg glhuhqw +qrq,olqhdu
uhjuhvvlrq dqg rswlpl}dwlrq phwkrgv1 Krzhyhu/ erwk vwxglhv glg qrw dqdo|}h wkh Qhovrq0
Vlhjho phwkrg1
7Prvw vwxglhv xvh jryhuqphqw erqg sulfhv/ vlqfh wkhvh duh uhjdughg dv
ehlqj iuhh ri ghidxow ulvn1 Krzhyhu/ zkhq frpsdulqj wkh uhvxowv iru glhuhqw
frxqwulhv wkh iroorzlqj sureohpv vkrxog eh nhsw lq plqg1
 Wkh hvwlpdwlrq uhvxowv ghshqg khdylo| rq wkh dydlodelolw| ri erqgv dqg
krz wkh| duh glylghg dorqj wkh pdwxulw| udqjh1; Fdoodeoh dqg frq0
yhuwleoh erqg sulfhv uh hfw hpehgghg rswlrqv dqg duh qrw frpsdudeoh
wr vwdqgdug frxsrq erqg sulfhv1 Wkhuhiruh/ wkhvh erqgv vkrxog eh h{0
foxghg iurp wkh hvwlpdwlrqv1 Ixuwkhupruh/ wkh oltxlglw| ri wkh pdunhw
ghwhuplqhv wkh txdolw| ri wkh gdwd1
 Hhfwv ri wd{dwlrq fdq glvwruw erqg sulfhv vxevwdqwldoo|1 Uhvhdufk
rq wd{ hhfwv lq hvwlpdwlqj wkh whup vwuxfwxuh ri lqwhuhvw udwhv jrhv
edfn wr PfFxoorfk +4<:4> 4<:8,1 Lq pdq| frxqwulhv frxsrq sd|phqwv
dqg fdslwdo jdlqv duh wuhdwhg glhuhqwo| dqg srvvleo| qrw lq wkh vdph
pdqqhu iru doo pdunhw sduwlflsdqwv1
 Wr jhw wkh hfrqrplfdoo| fruuhfw |lhogv wr pdwxulw|/ dffuxhg lqwhuhvw
p x v we hd g g h gw rt x r w h ge r q gs u l f h v 1 E x wd vF r r s h ud q gV w h h o h |
+4<<9, srlqw rxw lq wkhlu vwxg| rq wkh J: qdwlrqv/< dffuxhg lqwhuhvw lv
dffrxqwhg iru glhuhqwo| dfurvv frxqwulhv1
6 Wkh Uhodwlrqvkls ehwzhhq Vsrw Udwhv/ Iruzdug
Udwhv dqg Erqg \lhogv
6 1 4 V s r wd q gI r u z d u gU d w h v
Wkh prghov lpsohphqwhg lq wklv vwxg| duh irupxodwhg lq frqwlqxrxv wlph
dqg wkxv doo uhodwlrqvklsv lq wklv vhfwlrq duh dovr h{suhvvhg lq frqwlqxrxv
wlph1 Wklv vlpsolhv wkh qrwdwlrq/ dv pxowlsolfdwlrqv lq glvfuhwh wlph ehfrph
dgglwlyh lq frqwlqxrxv wlph dqg furvv surgxfwv gurs rxw1
Iru hdfk wlph wr pdwxulw| w/ wkhuh h{lvwv d xqltxh xqghuo|lqj lqwhuhvw
udwh/ wkh vsrw udwh u+w,1 Lw lv wkh dssursuldwh lqwhuhvw udwh wr glvfrxqw d
sd|phqw gxh lq w |hduv1 Li wkh vsrw udwh lv d frqwlqxrxvo| frpsrxqghg
dqqxdo udwh/ wkh suhvhqw ydoxh ri d sd|phqw I lq w |hduv htxdov
S @h { s^ wu +w,` I|1+ 4 ,
Wkh vsrw udwhv iru ulvnohvv dvvhwv iru glhuhqw wlphv wr pdwxulw| irup wkh
whup vwuxfwxuh1 Wkhvh udwhv duh lqghshqghqw ri h1j= wd{dwlrq uxohv ru ghidxow
ulvn1
;Lq Jhupdq| h1j wkhuh duh rqo| ihz erqgv zlwk wlph wr pdwxulw| eh|rqg 43 |hduv/
zkhuhdv lq wkh Xqlwhg Nlqjgrp jryhuqphqw erqgv duh vsuhdg dorqj d pdwxulw| udqjh xs
wr 58 |hduv1
<Wkh phpehuv ri wkh J: jurxs duh Xqlwhg Nlqjgrp/ Jhupdq|/ Iudqfh/ Xqlwhg Vwdwhv/
Mdsdq/ Lwdo| dqg Fdqdgd1
8Wkh h{srqhqwldo whup h{s^wu+w,` lq htxdwlrq +4, lv wkh uhohydqw glv0
frxqw idfwru g+w, iru wkh wlph shulrg w1 Wkxv/ wkh suhvhqw ydoxh ri wkh fdvk
 rz I| lv wkh surgxfw ri lwv qrplqdo ydoxh dqg lwv glvfrxqw idfwru1
S @ g+w, I| +5,
Iruzdug udwhv lqglfdwh lqwhuhvw udwhv iru d wlph shulrg vwduwlqj dw d ixwxuh
srlqw lq wlph1 Lpsolflw iruzdug udwhv duh ghqhg e| wkh htxdolw| ri wkh whu0
plqdo zhdowk ri d orqj0whup dqg d vhtxhqfh ri vkruw0whup lqyhvwphqwv1 Wkh
iroorzlqj h{dpsoh iru d w20|hdu vwudwhj| zlwk frqwlqxrxv0wlph frpsrxqglqj
looxvwudwhv wklv uhodwlrqvkls1
w2 u+w2,@w￿ u+w￿,.+ w2  w￿, i +w￿>w 2,/+ 6 ,
zkhuh u+w2, lv wkh frqwlqxrxv0wlph vsrw udwh iru w2 |hduv/ u+w￿, lv wkh vsrw
udwh iru d vkruwhu wlph shulrg w￿/d q gi +w￿>w 2, lv wkh lpsolhg frqwlqxrxv0
wlph iruzdug udwh iru wkh wlph shulrg vwduwlqj diwhu w￿ |hduv dqg hqglqj dw
w2 |hduv1 Doo vsrw dqg iruzdug udwhv rq erwk vlghv ri wkh htxdwlrq duh nqrzq
dw wkh lqlwldwlrq ri wkh vwudwhjlhv1 Wkh vsrw udwh u+w￿, wkhq lqglfdwhv wkh
dyhudjh udwh ryhu w￿ |hduv zkhuhdv wkh lqvwdqwdqhrxv iruzdug udwh phdvxuhv
wkh pdujlqdo uhwxuq iru wkh shulrg iurp w￿ wr w21L iw k hw l p hs h u l r gw2  w￿
lv lqghqlwho| vpdoo i +w￿>w 2, lv fdoohg wkh lqvwdqwdqhrxv iruzdug udwh143
Htxdwlrq +6, fdq eh vroyhg iru wkh iruzdug udwh1 Lq jhqhudo/ wkh frqwlq0








Wkh vhtxhqfh ri vkruw0whup lqyhvwphqwv rq wkh uljkw kdqg ri htxdwlrq +6,
vlgh fdq eh h{whqghg1 Dvvxph zh vsolw wkh wlph shulrg w? lq Q lqwhuydov





^u+w￿,.i +w￿>w 2,.i +w2>w ￿,.===. i +w?3￿>w ?,`1+ 8 ,
Wklv irupxodwlrq uhyhdov wkdw dq| vsrw udwh fdq eh frqvlghuhg dv dq dyhudjh
ri wkh uhohydqw iruzdug udwhv144 Wkh lpsruwdqfh ri wkh vsrw udwh u+w￿, lq wkh
eudfnhw glplqlvkhv dv wkh qxpehu ri lqwhuydov lqfuhdvhv ru fdq eh uhsodfhg
e| d iruzdug udwh iru d shulrg vwduwlqj lq dq lqvwdqw dqg odvwlqj xqwlo w￿1
Lq wkh olplw wkh vsrw udwh u+w, htxdov wkh lqvwdqwdqhrxv iruzdug udwh i +{,






i +{, g{ +9,
43Dv wkh wlph shulrg ehwzhhq |￿ dqg |2 lv lqqlwhvlpdo rqo| rqh wlph lqgh{ lv qhhghg1
Wkhuhiruh wkh qrwdwlrq s E| zloo eh xvhg iru wkh lqvwdqwdqhrxv iruzdug udwh1
44Li lw lv dvvxphg wkdw wkh iruzdug udwhv gr qrw frqwdlq d whup suhplxp/ iruzdug udwhv
fdq eh lqwhusuhwhg dv h{shfwhg ixwxuh vsrw udwhv1 Iru d glvfxvvlrq ri wkh h{shfwdwlrq
wkhru| vhh h1j Vkloohu +4<<3,1
9Wkh lqvwdqwdqhrxv iruzdug udwh surylghv wkh lqwhuhvw udwh ri d ixwxuh ordq







i +{, g{/+ : ,
zkhuh i +{, djdlq ghqrwhv wkh lqvwdqwdqhrxv iruzdug udwh1
6 1 5 E r q gS u l f hd q gE r q g\ l h o g
D erqg frqvlvwv ri d suhghwhuplqhg vhulhv ri fdvk  rzv1 Iru qrq0fdoodeoh
Vzlvv jryhuqphqw erqgv wkh fdvk  rzv fruuhvsrqg wr wkh dqqxdo {hg
frxsrq sd|phqwv soxv wkh uhsd|phqw ri wkh idfh ydoxh dw pdwxulw|1 Wkh
sulfh ri d vwudljkw erqg htxdov wkh vxp ri wkh suhvhqw ydoxh ri wkhvh lqglylg0
xdo fdvk  rzv1 F| ghqrwhv wkh frxsrq sd|phqw dqg IA wkh uhsd|phqw ri wkh
idfh ydoxh dw pdwxulw| W1 I r uw k hv d n hr iv l p s o l f l w | /w k hi r u p x o d v+ ; , 0 + 4 3 ,
duh vkrzq iru d erqg zlwk h{dfwo| W ixoo |hduv uhpdlqlqj xqwlo pdwxulw|1 Lw
lv dvvxphg wkdw wkh frxsrq sd|phqw mxvw rffxuuhg dqg wkh uvw fdvk  rz lv
wkh frxsrq gxh lq h{dfwo| rqh |hdu1 Frqvhtxhqwo|/ qr dffuxhg lqwhuhvw kdv




h{s^wu+w,` F| . h{s^Wu +W,` IA +;,
Htxdwlrq +;, ghvfulehv wkh sulfh ri d erqg sulfh jlyhq wkh frqwlqxrxvo|
frpsrxqghg vsrw udwhv u+w,1 H{suhvvhg dowhuqdwlyho|/ wkh sulfh lv htxdo wr
wkh vxp ri wkh fdvk  rzv pxowlsolhg e| wkh glvfrxqw idfwruv g+w, dssolfdeoh




g+w, F| . g+W, IA +<,
J l y h qw k hs u l f hr iw k he r q gz hf d qg h w h u p l q hw k h| l h o gw rp d w x u l w |
|1 Wkh |lhog wr pdwxulw|45 lv wkh frqvwdqw glvfrxqw udwh wkdw htxdwhv wkh
suhvhqw ydoxh ri wkh ixwxuh fdvk  rzv wr wkh fxuuhqw sulfh E1 Lw lv fdofxodwhg




h{s+w| , F| . h{s+W| , IA1 +43,
45Htxlydohqwo| vrph wh{werrnv xvh wkh whup +jurvv, uhghpswlrq |lhog1
:Lpsolflwo| lw lv dvvxphg wkdw frxsrq sd|phqwv gxulqj wkh uhpdlqlqj wlph
wr pdwxulw| fdq eh uhlqyhvwhg dw wkh |lhog wr pdwxulw|1 Lq sudfwlfh/ wkh
uhlqyhvwphqw wdnhv sodfh dw wkh suhydlolqj vsrw udwh dqg khqfh wkh xvdjh ri
wkh |lhog wr pdwxulw| pd| qrw eh dssursuldwh lq fhuwdlq flufxpvwdqfhv1
W k hd e r y he r q gs u l f l q jh t x d w l r q vg h v f u l e hw k hf r u u h f wy d o x hr ide r q g
d v v x p l q jw k d ww k hw l p hx q w l ow k hq h { wf r x s r qs d | p h q wl vh { d f w o |r q h| h d u 1
Li wklv lv qrw wkh fdvh/ dffuxhg lqwhuhvw pxvw eh ghgxfwhg iurp wkh erqg
y d o x hw rj h ww k ht x r w h ge r q gs u l f h 1 G h q r w hw k hw l p hr iw k hq h { wf r x s r q
sd|phqw dv w￿ dqg wkh vhwwohphqw gd| dv wf1 Wkhq wkh txrwhg erqg sulfh lv
jlyhq dv
E^￿J|e_ @ E  F ^4  +w￿  wf,`1 +44,
616 Vsrw dqg Iruzdug Udwh Fxuyh/ Glvfrxqw Ixqfwlrq
W k hp r v wf r p p r qu h s u h v h q w d w l r qr il q w h u h v wu d w h vr y h up d w x u l w |l vw k hv s r w
udwh fxuyh1 D vsrw udwh u+w, lv htxlydohqw wr wkh |lhog wr pdwxulw| ri d }hur
frxsrq erqg/ l1h= wkh lqwhuhvw udwh wr glvfrxqw d vlqjoh sd|phqw lq w |hduv1
Wkhuhiruh wkh qdph }hur frxsrq |lhog fxuyh lv riwhq xvhg lqvwhdg1
Lpsolhg iruzdug udwhv fdq eh ghulyhg iurp wkh vsrw udwh fxuyh +htxdwlrq
7,1 Wkh vsrw udwh u+w, phdvxuhv wkh dyhudjh lqwhuhvw udwh xqwlo w zkhuhdv wkh
lqvwdqwdqhrxv iruzdug udwh i +w, htxdov wkh pdujlqdo lqwhuhvw udwh1 Iljxuh
4+d, looxvwudwhv wkh uhodwlrqvkls ehwzhhq wkh vsrw udwh fxuyh dqg wkh lpsolhg
lqvwdqwdqhrxv iruzdug udwh fxuyh1 Wkh vsrw dqg iruzdug udwh fxuyh vwduw dw
w k hv d p hs r l q wd ww @3 1 Wkh iruzdug udwh fxuyh lv deryh +ehorz, wkh vsrw
udwh li wkh vsrw udwh lv lqfuhdvlqj +ghfuhdvlqj,1 Wkh iruzdug udwh fxuyh wkhq
furvvhv wkh vsrw udwh fxuyh dw lwv pd{lpxp +plqlpxp,146
Uhfdoo iurp htxdwlrq +5, wkdw dq| vsrw udwh u+w, fdq eh wudqviruphg lqwr
dg l v f r x q wi d f w r ug+w,1 D ixwxuh fdvk  rz pxowlsolhg e| wkh uhohydqw glvfrxqw
idfwru lv htxdo wr wkh suhvhqw ydoxh ri wklv fdvk  rz1 Glvfrxqw idfwruv iru
}hur frxsrq erqgv zlwk glhuhqw pdwxulwlhv fdq eh frpelqhg wr irup wkh
glvfrxqw ixqfwlrq1 Lq rughu wr h{foxgh duelwudjh/ wkh glvfrxqw ixqfwlrq pxvw
eh qrq0lqfuhdvlqj zlwk wlph wr pdwxulw|1 Iljxuh 4+e, sorwv wkh glvfrxqw
ixqfwlrq ghulyhg iurp wkh vsrw udwh fxuyh wr wkh ohiw1
7 Wkh Qhovrq2Vlhjho Prgho dqg lwv H{whqvlrq e|
Vyhqvvrq
714 Wkh Qhovrq2Vlhjho Prgho
Wkh vwduwlqj srlqw iru wkh Qhovrq dqg Vlhjho +4<;:, prgho lv wkh irupxod0
wlrq ri wkh surfhvv iru wkh lqvwdqwdqhrxv iruzdug udwh1 Wkh dxwkruv dvvxph
46Vkloohu +4<<3, frpsduhv wkh vlwxdwlrq wr dyhudjh +vsrw udwh, dqg pdujlqdo +lqvwdqwd0







3 8 43 48 53 58
Wlph￿wr￿pdwxulw|￿+|hduv,
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3 8 43 48 53 58
Wlph￿wr￿pdwxulw|￿+|hduv,
L q w h u h v w ￿ u d w h ￿ + (




Iljxuh 4= Wkh uhodwlrqvkls ehwzhhq +d, wkh vsrw udwh/ lqwdqwdqhrxv iruzdug
udwh dqg +e, wkh fruuhvsrqglqj glvfrxqw ixqfwlrq1
wkdw wkh lqvwdqwdqhrxv iruzdug udwhv dw dq| wlph w lv jlyhq e| wkh iroorzlqj
sduvlprqlrxv ixqfwlrqdo irup1
i +w,@f .￿ h{s+w@￿,.2 +w@￿,h { s + w@￿, +45,
Iruzdug udwhv duh uhsuhvhqwhg dv d vhtxhqfh ri h{srqhqwldo whupv1 Qho0
vrq dqg Vlhjho dujxphqw wkdw h{srqhqwldo ixqfwlrqv duh fdsdeoh ri fds0
wxulqj prvw vkdshv ri wkh whup vwuxfwxuh1 f lv d frqvwdqw/ wkh h{srqhq0
wldo whup ￿ h{s+w@￿, lv prqrwrqlfdoo| ghfuhdvlqj +lqfuhdvlqj, zlwk wlph
wr pdwxulw| w li ￿ lv srvlwlyh +qhjdwlyh,1 Wkh vhfrqg h{srqhqwldo whup
2 +w@￿,h{s+w@￿, surgxfhv d kxps +wurxjk, li 2 lv srvlwlyh +qhjdwlyh,1
Li wkh wlph wr pdwxulw| frqyhujhv wr lqqlw| erwk h{srqhqwldo ixqfwlrqv eh0
frph }hur dqg wkh olplwlqj ydoxh ri htxdwlrq +45, lv f1L iw l p hw rp d w x u l w |
dssurdfkhv }hur wkh h{srqhqwldo ixqfwlrqv ehfrph 4/ exw wkh 2 whup gursv
r x wd vl wl q f o x g h vw k hi u d f w l r q+w@￿,1 Khqfh wkh uhvxow lv f . ￿1
Vhfwlrq 6 vkrzhg wkdw vsrw udwhv fdq eh uhsuhvhqwhg dv dq dyhudjh ri
uhohydqw iruzdug udwhv1 Lq frqwlqxrxv wlph wklv wxuqhg rxw wr eh wkh ghqlwh
lqwhjudo ri wkh lqvwdqwdqhrxv iruzdug udwh zlwk olplwv ri lqwhjudwlrq ri 3 dqg
w/g l y l g h ge |w1 Htxdwlrq +46, iroorzv e| lqwhjudwlqj htxdwlrq +45, iurp 3













Qhovrq dqg Vlhjho +4<;:, vxjjhvw wkdw vhwwlqj ￿ @4 / f @4dqg ￿ @ 4
doorzv ehvw wr h{soruh wkh dydlodeoh vkdshv iru wkh whup vwuxfwxuh147 Dv wkh|


































Iljxuh 5= Vhwwlqj +f . ￿,@3 / 2 @ 4 dqg ￿ @4doorzv wr looxvwudwh wkh
dydlodeoh vkdshv ri wkh Qhovrq2Vlhjho prgho ghshqglqj rq d vlqjoh sdudphwhu
d wkdw lv ydulhg iurp 43 wr .53 zlwk d vwhs vl}h ri 431
srlqw rxw lq wkh ruljlqdo sdshu/ wkh h{suhvvlrq iru u+w, wkhq ehfrphv
u+w,@4 +4  d,
^4  h{s+w,`
w
 d h{s+w,1 +47,
Wkh vkdshv rqo| ghshqg rq wkh vlqjoh xqnqrzq sdudphwhu d1 Lq jxuh 5
wkh sdudphwhu d wdnhv wkh ydoxhv iurp 53 wr .53 zlwk dq lqfuhphqw ri
431 Doo whup vwuxfwxuhv frqyhujh wr f @4 1I r ud @5 3wkh whup vwuxfwxuh
h{klelwv d kxps zkhuhdv iru d @ 53 d wurxjk uhvxowv1 Iru d @3wkh fxuyh
lv prqrwrqlfdoo| lqfuhdvlqj dqg frqfdyh1
715 Ghfrpsrvlwlrq ri wkh Qhovrq2Vlhjho Vsrw Udwh Fxuyh
Iljxuh 6 looxvwudwhv wkh ghfrpsrvlwlrq ri wkh Qhovrq2Vlhjho vsrw udwh fxuyh
lqwr vlqjoh h{srqhqwldo h{suhvvlrqv1 Wkh jxuh xvhv d udwkhu h{fhswlrqdo
sdudphwhu frqvwhoodwlrq dqg vkdsh ri wkh whup vwuxfwxuh lq rughu wr looxvwudwh
wkh glhuhqw wlph0ghshqghqw frpsrqhqwv1 Wkh ghfrpsrvlwlrq ri wkh vsrw
udwh lqwr wkh wkuhh frpsrqhqwv lv vlplodu wr wkh iruzdug udwh1 f uhsuhvhqwv
wkh orqj0whup lqwhuhvw udwh wkdw lv dssurdfkhg lq wkh olplw1 Wkh ￿ whup
kdv wkh idvwhu ghfd| wrzdugv }hur wkdq wkh 2 whup dqg ghwhuplqhv wkh
vkruw0whup vhjphqw1 Wkh 2 whup frqyhujhv wr }hur dw w @3dqg w @ 41
Frqvhtxhqwo|/ lw kdv dq lpsdfw rq wkh phglxp0whup vhjphqw ri wkh whup
vwuxfwxuh1 Wkh nqrzohgjh ri wkh h{dfw vhqvlwlylwlhv ri wkh whup vwuxfwxuh
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Iljxuh 6= Ghfrpsrvlwlrq ri wkh Qhovrq0Vlhjho whup vwuxfwxuh lqwr wkh orqj0
whup lqwhuhvw udwh f dqg wkh wzr h{srqhqwldo frpsrqhqwv1 Wkh erog vrolg
olqh uhsuhvhqwv wkh uhvxowlqj whup vwuxfwxuh ri vsrw udwhvu+w,1 Wkh h{hpsodu|
sdudphwhu ydoxhv duh f @9 / ￿ @ 8/ 2 @5 3dqg ￿ @4 1
Wkh olplwlqj ydoxhv ri wkh vsrw udwh fxuyh duh htxdo wr wkrvh ri wkh
iruzdug udwh fxuyh1 Zlwk orqjhu wlph wr pdwxulw| wkh vsrw udwh fxuyh ds0
surdfkhv f1 Wr dyrlg qhjdwlyh lqwhuhvw udwhv f pxvw eh srvlwlyh1 Li w jhwv
vpdoo wkh olplwlqj ydoxh iru u+w, lv +f . ￿,1 Wkxv/ dovr wkh vxp +f . ￿,





u+w,@f . ￿ +48,
Wkh sdudphwhu ￿ lv erxqghg wr srvlwlyh ydoxhv wkdw jxdudqwhh frqyhujhqfh
wr wkh orqj whup ydoxh f1 Dq lqfuhdvh lq ￿ vkliwv dq| kxps ru wurxjk lq
wkh vsrw udwh fxuyh wr wkh uljkw ru wkh ghfd| wr wkh orqj whup udwh lv vorzhu1
Li wkh sdudphwhu ￿ lv qhjdwlyh dqg lwv ydoxh lq devroxwh whupv lv eljjhu
wkdq ru htxdo wr m2m wkh whup vwuxfwxuh lv prqrwrqlfdoo| lqfuhdvlqj1 Li lq
dgglwlrq 2 A 3> wkhq lw lv prqrwrqlfdoo| lqfuhdvlqj dqg frqfdyh/ l1h= wkh
vsrw udwh fxuyh h{klelwv qr fkdqjh lq wkh fxuydwxuh +vhfrqg ghulydwlyh,1 Wr
rewdlq d prqrwrqlf ghfd| lq wkh whup vwuxfwxuh wkh sdudphwhu ￿ lv vhw wr d
srvlwlyh ydoxh1 Vwloo wkh frqglwlrq m￿m A m2m pxvw krog1 Li wkh sdudphwhuv
￿ dqg 2 duh erwk srvlwlyh +qhjdwlyh, dqg m￿m ? m2m wklv surgxfhv d kxps
+wurxjk, wkdw olhv deryh +ehorz, wkh orqj whup lqwhuhvw udwh f1 Krzhyhu/
li wkh vljq ri 2 lv fkdqjhg wkh kxps +wurxjk, furvvhv wkh f0olqh1 Wklv
fruuhvsrqgv wr wkh vlwxdwlrq ri jxuh 6= D kxps0vkdshg vsrw udwh fxuyh
wkdw furvvhv wkh orqj0whup udwh durxqg d wlph wr pdwxulw| forvh wr rqh1 Lq
44Vkdsh ri wkh vsrw udwh f ￿ 2 ￿ Frqglwlrq
Lqfuhdvlqj/ frqfdyh .  ..m￿m A m2m
Lqfuhdvlqj . . m￿m A m2m
Ghfuhdvlqj/ frqyh{ .. . m￿m A m2m
Ghfuhdvlqj ....m￿m A m2m
Kxps/ deryh f ....m￿m ? m2m
Kxps/ furvvhv f .  ..m￿m ? m2m
Wurxjk/ ehorz f . . m￿m ? m2m
Wurxjk/ furvvhv f .. . m￿m ? m2m
Wdeoh 4= Wkh whup vwuxfwxuh vkdshv uhvxowlqj iurp doo srvvleoh sdudphwhu
frqvwhoodwlrqv1
jhqhudo/ wkh eljjhu 2 frpsduhg wr ￿ wkh pruh dffhqwxdwhg wkh kxps ru
wurxjk ehfrphv1
Iljxuh 8 vkrzv wkh hvwlpdwlrq ri wkh whup vwuxfwxuh iru wkh odvw gd| ri
wkh vdpsoh shulrg/ Mxo| 64/ 4<<;1 Ehfdxvh wkh flufohv lqglfdwh wkh |lhog
wr pdwxulw| ri frxsrq ehdulqj erqgv wkh| qhhg qrw frlqflgh zlwk wkh vsrw
udwh fxuyh1 Wklv hhfw ehfrphv pruh dssduhqw iru orqj0whup erqgv wkdw
lqfoxgh qxphurxv rxwvwdqglqj sd|phqwv1 Dsduw iurp wkh yhu| vkruw uxq wkh
revhuyhg |lhogv +flufohv, duh zhoo dssur{lpdwhg e| wkh wwhg |lhogv +vpdoo
eodfn vtxduhv,1
716 Wkh H{whqghg Yhuvlrq ri Vyhqvvrq
Vyhqvvrq +4<<7, dxjphqwv wkh Qhovrq2Vlhjho dssurdfk e| dq dgglwlrqdo h{0
srqhqwldo whup1 Wklv whup doorzv iru ixuwkhu  h{lelolw| lq irup ri d vhfrqg
srvvleoh kxps ru wurxjk1 Dv wkh ryhuylhz ri wkh olwhudwxuh lq vhfwlrq 5 kdv
vkrzq/ vhyhudo lqyhvwljdwlrqv h{whqg wkhlu dqdo|vlv wr wkh yhuvlrq e| Vyhqv0
vrq1 Wklv vhfwlrq eulh | uhylhzv wkh nh| glhuhqfhv ehwzhhq wkh wzr prghov1
Krzhyhu/ ehfdxvh ri wkh olplwhg qxpehu ri dydlodeoh dqg oltxlg ghidxow0iuhh
erqgv rq wkh Vzlvv {hg lqfrph pdunhw/ wkh hpslulfdo dqdo|vlv lq vhfwlrq 9
zloo uhvwulfw wr wkh Qhovrq2Vlhjho prgho1 Whvw fdofxodwlrqv uhyhdohg wkdw wkh
ryhusdudphwul}dwlrq ri wkh Vyhqvvrq prgho iru wkh Vzlvv pdunhw fdxvhv vh0
ulrxv frqyhujhqfh sureohpv148 Pruhryhu/ wkh hpslulfdo hylghqfh iurp rwkhu
frxqwulhv ghprqvwudwhv qr vljqlfdqw lpsuryhphqw ri wkh hvwlpdwlrqv zlwk
wkh Vyhqvvrq h{whqvlrq1 Vfklfk +4<<:, h{soruhv wkh lpsuryhphqw ri wkh w
zkhq dsso|lqj wkh Vyhqvvrq dssurdfk wr Jhupdq jryhuqphqw ordqv/ erqgv
48Lq wkh X1N wkhuh duh pruh wkdq 83 uhjxoduo| wudghg jryhuqphqw erqgv dydlodeoh iru wkh
hvwlpdwlrq ri wkh qrplqdo vsrw udwh fxuyh dqg wkh Vyhqvvrq prgho fdq hyhq eh dxjphqwhg
e| ixuwkhu sdudphwhuv wr prgho wkh wd{ hhfwv1 Iru wkh hvwlpdwlrq ri wkh uhdo udwhv Ghdfrq
dqg Ghuu| +4<<7d, uhsruw wkdw wkh Edqn ri Hqjodqg xvhv d uhodwlyho| vpdoo vdpsoh ri 46















































Iljxuh 7= Hvwlpdwlrq ri wkh vsrw udwh rq Mxo| 64/ 4<<; xvlqj wkh Qhovrq
dqg Vlhjho +4<;:, prgho1 Wkh flufohv lqglfdwh wkh |lhogv wr pdwxulw| ri wkh
lqglylgxdo Vzlvv jryhuqphqw erqgv/ wkh vpdoo eodfn vtxduhv wkh wwhg |lhogv/
dqg wkh vrolg olqh wkh uhvxowlqj vsrw udwh fxuyh1
dqg Wuhdvxu| eloov1 Kh frqfoxghv wkdw dw ohdvw zlwk prqwko| gdwd iru wkh
lqyhvwljdwhg vdpsoh shulrg iurp Vhswhpehu 4<:5 wr Ghfhpehu 4<<9/ wkh dg0
glwlrqdo  h{lelolw| vkrzv qr jdlq lq wkh irup ri vxevwdqwldoo| vpdoohu |lhog
huuruv lq wkh remhfwlyh ixqfwlrq1 Wkh uhvxowv duh frquphg e| Jh|hu dqg
Pdghu +4<<<, dqg Ulfduw dqg Vlfvlf +4<<8,1
Pdwkhpdwlfdoo|/ wzr lqvwhdg ri rqh fkdqjh lq wkh vhfrqg ghulydwlyh ri
wkh vsrw udwh fxuyh duh ihdvleoh zlwk wkh Vyhqvvrq h{whqvlrq1
i +w,@f . ￿ h{s+w@￿,.2 +w@￿,h { s + w@￿,
.￿ +w@2, h{s+w@2, +49,
Wkh iruzdug udwh uhsuhvhqwdwlrq fkrvhq e| Qhovrq2Vlhjho ehorqjv wr d fodvv ri
ixqfwlrqv fdoohg Odjxhuuh ixqfwlrqv +vhh fkdswhu < lq Suhvv hw do1/ ;<,1 Wkhvh
ixqfwlrqv duh fkdudfwhul}hg e| d sro|qrpldo wlphv d ghfd|lqj h{srqhqwldo
whup1 Wkh xvh ri Odjxhuuh ixqfwlrqv lv d zhoo0nqrzq dssur{lpdwlrq surfh0
gxuh1 Lq wkdw oljkw wkh Vyhqvvrq dssurdfk iroorzv dv d qdwxudo h{whqvlrq ri
wkh Qhovrq2Vlhjho dssurdfk/ lqfoxglqj d wklug Odjxhuuh whup1
Dv lq wkh fdvh ri wkh Qhovrq2Vlhjho prgho wkh vsrw udwhv fdq eh ghulyhg
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Iljxuh 8= Ghfrpsrvlwlrq ri wkh Vyhqvvrq vsrw udwh fxuyh lqwr wkh orqj whup
lqwhuhvw udwh f dqg wkh wkuhh h{srqhqwldo whupv1 Wkh sdudphwhu ydoxhv duh

















1+ 4 : ,
Qrwh wkdw wkh ￿ whup lv lghqwlfdo wr wkh 2 whup zlwk ￿ uhsodfhg e| 21
Wkh wzr dgglwlrqdo sdudphwhuv ￿ dqg 2 h{sodlq wkh h{whqghg  h{lelolw| ri
wkh Vyhqvvrq dssurdfk1 Vlplodu wr ￿/ vpdoo ydoxhv ri wkh qhz sdudphwhu
2 fruuhvsrqg wr udslg ghfd| ri wkh dgglwlrqdo kxps ru wurxjk wrzdugv wkh
olplwlqj ydoxh ri f1
Iljxuh 8 ghfrpsrvhv wkh Vyhqvvrq vsrw udwh fxuyh/ ghqrwhg e| wkh vrolg
erog olqh/ lqwr lwv frpsrqhqwv1 Wkh 2 whup fdxvhv wkh uhvxowlqj vsrw udwhv
wr eh kxps0vkdshg lq wkh vkruw uxq/ l1h= iru d wlph wr pdwxulw| ri 306 |hduv1
Wkh ￿ whup lwvhoi kdv wkh pd{lpxp dw d wlph wr pdwxulw| ri 8=7 |hduv/
exw wkh frpelqdwlrq zlwk wkh wzr rwkhu h{srqhqwldo ixqfwlrqv uhvxowv lq
d kxps ri wkh vsrw udwh fxuyh zlwk d pd{lpxp dw 43=9 |hduv1 Eh|rqg
wklv pd{lpxp wkh whup vwuxfwxuh vorzo| frqyhujhv wr f1 Ryhu wkh zkroh
pdwxulw| vshfwuxp wkh whup vwuxfwxuh fkdqjhv wzlfh lwv fxuydwxuh/ iurp
frqyh{ wr frqfdyh/ dqg djdlq edfn wr d frqyh{ ghfd| wrzdugv f1
478 Wkh Qxphulfdo Surfhgxuh
Wkh uvw sduw ri wklv vhfwlrq vkrzv dq h!flhqw zd| wr vwruh wkh lqirupdwlrq
ri wkh revhuyhg pdunhw gdwd lq wkuhh pdwulfhv1 Wkhq wkh jhqhudo vwhsv
ri wkh hvwlpdwlrq ri wkh Qhovrq2Vlhjho phwkrg duh glvfxvvhg1 Wkh vshflf
lpsohphqwdwlrq iru wkh xvh zlwk Vzlvv jryhuqphqw erqgv lv wkh wrslf ri
vhfwlrq 91
Qrq0fdoodeoh erqgv duh ixoo| fkdudfwhul}hg e| wkh frxsrq udwh/ idfh ydoxh
dqg wlph wr pdwxulw|1 Wkh wzr pdwulfhv F +iru fdvk  rzv, dqg W +iru wlphv
wr sd|phqw, vxppdul}h wklv lqirupdwlrq1 Wkh glphqvlrq ri wkh wzr pdwulfhv
lv ghwhuplqhg e| wkh qxpehu ri erqgv Q dqg wkh pd{lpxp qxpehu ri ixoo
|hduv ri wkh erqg zlwk wkh orqjhvw wlph wr pdwxulw|149 Wkh urz lqgh{ l
qxpehuv frqvhfxwlyho| wkh erqgv iurp 4 wr Q dqg hdfk urz uhsuhvhqwv d
vshflf erqg1 Wkh pdwul{ F frqwdlqv wkh ixwxuh fdvk  rzv/ qdpho| wkh
frxsrq sd|phqwv F￿￿ dqg wkh uhsd|phqw ri wkh idfh ydoxh I￿A1 Wkh froxpq
lqgh{ m uxqv iurp 4 wr W/ zkhuh 4 lqglfdwhv wkh qh{w frxsrq sd|phqw dqg
W wkh pdwxulw|1 Wkh hohphqwv ri wkh pdwul{ W ghvfuleh wkh uhpdlqlqj wlphv
wr sd|phqw fruuhvsrqglqj wkh fdvk  rzv F￿￿14: Erwk pdwulfhv duh sdgghg





I￿A 33  3
F2￿ F22 F2A . I2A  3
1 1 1
1 1 1










W￿A 33  3
w2￿ w22 W2A  3
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Wkh erqg sulfhv duh vwdfnhg wr d yhfwru1
e @

E￿ E2  E￿

+53,
Iljxuh 9 vxppdul}hv wkh vwhsv ri wkh hvwlpdwlrq surfhvv iru wkh Qhovrq2Vlhjho
prgho14; Wkh ohiw eudqfk +d,0+f, uhwxuqv wkh |lhogv wr pdwxulw| iurp wkh
pdunhw gdwd1 Iluvw/ dffuxhg lqwhuhvw lv dgghg wr wkh txrwhg sulfhv ri Vzlvv
jryhuqphqw erqgv1 Zh wkhq lqvhuw wkh dgmxvwhg erqg sulfh dqg vroyh iru




h{s+w| , F| . h{s+W| , IA1 +54,
49Doo Vzlvv jryhuqphqw erqgv sd| dqqxdo frxsrqv1
4:Wr vlpsoli| wkh qrwdwlrq d vxevfulsw ghqrwlqj wkh vhwwohphqw gdwh lv gursshg1
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Iljxuh 9= Wkh  rzfkduw looxvwudwhv wkh vhtxhqfh ri fdofxodwlrqv qhfhvvdu|
wr hvwlpdwh wkh sdudphwhuv ri wkh Qhovrq2Vlhjho prgho iurp revhuyhg erqg
sulfhv1
Wkhuh lv qr dqdo|wlfdo vroxwlrq dqg wkh htxdwlrq pxvw eh vroyhg qxphulfdoo|1
Wkh dssolhg phwkrg lv Qhzwrq0Udskvrq +vhh h1j= Kdplowrq/ 4<<5,14< Wkxv/
rxw ri wkh yhfwru ri txrwhg erqg sulfhv dqg/ wrjhwkhu zlwk wkh pdwulfhv F
dqg W uhsuhvhqwlqj wkh fkdudfwhulvwlfv ri wkhvh erqgv/ zh fdofxodwh d qhz
yhfwru ri |lhogv wr pdwxulw| revhuyhg rq wkh pdunhw1
Wkh uljkw eudqfk +g,0+j, lq wkh  rzfkduw ehjlqv e| lqlwldol}lqj wkh sd0
udphwhu yhfwru 1 Lq fdvh ri wkh Qhovrq2Vlhjho prgho wkh yhfwru frqwdlqv
wkh iroorzlqj irxu hohphqwv1
 @

f ￿ 2 ￿

+55,
4<Dw uvw vljkw wkh qrq0olqhdu htxdwlrq zlwk wkh rughu htxdo wr wkh qxpehu ri frxsrq
sd|phqwv dsshduv frpsoh{1 Krzhyhu/ dv Vyhqvvrq +4<<7, srlqwv rxw/ wkh htxdwlrq kdv
rqo| rqh uhdo urrw dqg lv wkxv hdv| wr vroyh qxphulfdoo|1
49Wkh dlp lv wr qg d sdudphwhu yhfwru wkdw uh hfwv wkh revhuyhg pdunhw |lhogv
wr pdwxulw| dv forvh dv srvvleoh153 Lqvhuwlqj wkh hvwlpdwhg sdudphwhuv lqwr
wkh irupxodwlrq ri wkh Qhovrq2Vlhjho vsrw udwh fxuyh +htxdwlrq 46, uhwxuqv
wkh wkhruhwlfdo vsrw udwhv1 Wkhvh vsrw udwhv duh wudqviruphg wr glvfrxqw




g+w, F| . g+W, IA +56,
wr jhw wkh fruuhvsrqglqj wkhruhwlfdo erqg sulfhv154 Dsso|lqj djdlq wkh
Qhzwrq0Udskvrq surfhgxuh htxdwlrq +54, fdq eh vroyhg iru wkh wkhruhwl0
fdo erqg |lhogv |￿71
Dw srlqw +j, rq wkh  rzfkduw/ zkhuh wkh wzr eudqfkhv phhw/ wkh vxp ri
vtxduhg glhuhqfhv ehwzhhq wkh pdunhw |lhogv dqg wkh wkhruhwlfdo |lhogv wr
pdwxulw| ri wkh Q erqgv lv fdofxodwhg1 Wkh remhfwlyh ixqfwlrq lv plqlpl}hg
wr jhw wkh dssursuldwh hvwlpdwhv iru /l 1 h = wkh orrs +l, dqg wkhq +h,0+k, rq










Dowhuqdwlyho|/ wkh erqg sulfhv wkhpvhoyhv frxog eh dssur{lpdwhg dqg
sulfh huuruv frxog eh plqlpl}hg1 Krzhyhu/ dv Ghdfrq dqg Ghuu| +4<<7d,
phqwlrq/ plqlpl}lqj |lhogv lpsolflwo| jlyhv juhdwhu zhljkw wr erqgv zlwk
pdwxulwlhv xs wr derxw whq |hduv dqg wkxv lpsuryhv wkh w ri wkh fxuyh dw
vkruwhu pdwxulwlhv155 Iurp wkh shuvshfwlyh ri prqhwdu| srolf| ru lqwhuhvw
udwh ulvn pdqdjhphqw wklv lv ghvludeoh dv wklv fryhuv wkh lqwhuhvwlqj wlph
krul}rq1
9 Lpsohphqwdwlrq ri wkh Qhovrq2Vlhjho Prgho iru
Vzlw}huodqg
914 Wkh Gdwd
Wkh Qhovrq dqg Vlhjho +4<;:, prgho lv dssolhg wr Vzlvv jryhuqphqw erqgv
iurp Mdqxdu| 5;/ 4<<7 wr Mxo| 64/ 4<<;1 Wkh gdlo| revhuydwlrqv gxulqj
53Ghdfrq dqg Ghuu| +4<<7d, dujxh wkdw wkh sdu |lhog fxuyh zdv fkrvhq dv wkh uhvxowlqj
iruzdug udwh fxuyh lv pruh urexvw wkdq li lw lv ghulyhg iurp d glvfrxqw ixqfwlrq1
54Lq pdwul{ qrwdwlrq/ d pdwul{ ri glvfrxqw idfwruv fruuhvsrqglqj wr wkh wlphv wr sd|phqw
lq A lv fdofxodwhg1 Wkhq wkh erqg sulfhv iroorz gluhfwo| dv wkh gldjrqdo hohphqwv ri 
wlphv wkh wudqvsrvh ri wkh pdwul{ ri glvfrxqw idfwruv1
55Ulfduw dqg Vlfvlf +4<<8, zhljkw wkh sulflqj huuruv zlwk wkh gxudwlrq lq rughu wr plwljdwh
wklv sureohp1
4:wklv gdwd shulrg dprxqw wr d wrwdo ri 44:9 revhuydwlrqv156 Fdoodeoh erqgv
duh h{foxghg iurp wkh gdwd vhw dv wkh fdoo ihdwxuhv pd| khdylo| glvwruw wkh
erqg sulfh1 Ixuwkhupruh/ rqo| erqgv zlwk d uhpdlqlqj wlph wr pdwxulw|
ri pruh wkdq 6 prqwkv duh lqfoxghg lq rughu wr dyrlg pdunhw glvwxuedqfhv
wrzdugv wkh hqg ri wkh olih ri wkh erqgv157 Lqvwhdg/ wkh 40prqwk dqg 40|hdu
Hxurpdunhw udwhv duh dgghg wr wkh gdwd vhw1 Wr lqfoxgh rwkhu ghidxow0iuhh
lqvwuxphqwv wkdq jryhuqphqw erqgv lv d frpprqo| xvhg vwudwhj| wr lpsuryh
wkh w dw wkh vkruw hqg ri wkh whup vwuxfwxuh +vhh h1j= Vyhqvvrq/ 4<<7/ ru
Khoohu/ 4<<:,158 Dw wkh ehjlqqlqj ri wkh gdwd shulrg/ wkh hvwlpdwlrqv duh
edvhg rq 46 jryhuqphqw erqgv dqg dw wkh hqg d pd{lpxp ri 4; erqgv soxv
wkh wzr Hxurpdunhw udwhv1 Wkh frxsrq udwhv udqjh iurp 618( iru wkh erqg
pdwxulqj lq Dxjxvw 5343 xs wr :( iru wkh Mxo| 5334 erqg1 Wdeoh 5 olvwv
wkh erqgv +dqg wkh wzr Hxurpdunhw udwhv, ri wkh vdpsoh1 Iru erqgv wkdw
duh qhzo| lvvxhg gxulqj wkh gdwd shulrg/ wkh vhfrqg froxpq ri wkh wdeoh
vkrzv zkhq wkh vhulhv ehjlqv1 Lqlwldoo|/ wkhuh duh rqo| wkh wzr Hxurpdunhw
udwhv lq wkh wlph vhjphqw iurp 3 wr 9 |hduv1 Ryhu wkh dqdo|}hg shulrg ri
7￿
2 |hduv/ wkhuh lv d vwhdg| lqfuhdvh lq wkh qxpehu ri erqgv/ dqg wkh erqgv
jhw pruh dqg pruh htxdoo| vsuhdg ryhu d udqjh iurp urxjko| 5 wr 4< |hduv1
Iljxuh 7 dw wkh hqg ri vhfwlrq 714 uhsuhvhqwv wkh w|slfdo sdwwhuq dw wkh hqg
ri wkh vdpsoh shulrg1 Dsduw iurp wkh erqg fkdudfwhulvwlfv wkh wdeoh vkrzv
wkh plqlpd dqg pd{lpd iru wkh sulfhv/ |lhogv dqg wkh gdlo| fkdqjhv lq wkh
|lhogv1 Wkh qdo wzr froxpqv frqwdlq wkh phdq dqg vwdqgdug ghyldwlrq ri
wkh fkdqjhv lq wkh |lhog1 Wkhvh vwdqgdug ghyldwlrqv duh frqvlghudeo| kljkhu
iru wkh vkruwhvw pdwxulwlhv1
915 Fdoleudwlrq
Wkh lwhudwlrq wr hvwlpdwh wkhruhwlfdo erqg |lhog vwduwv zlwk lqlwldol}lqj wkh
sdudphwhu yhfwru 1 Wr hqvxuh frqyhujhqfh wrzdugv wkh wuxh plqlpxp ri
wkh remhfwlyh ixqfwlrq wkhvh vwduwlqj ydoxhv qhhg wr eh fkrvhq fduhixoo|1 Iru
wkh uvw orrs dw wkh ehjlqqlqj ri wkh gdwd vhw/ rq Mdqxdu| 5;/ 4<<7/ wkh
nqrzohgjh ri wkh olplwlqj ydoxhv dqg vhqvlwlylwlhv ri wkh Qhovrq2Vlhjho prgho
duh dssolhg1 Ehfdxvh f uhsuhvhqwv wkh orqj0whup lqwhuhvw udwh/ lw wdnhv wkh
|lhog ri wkh erqg zlwk wkh orqjhvw wlph wr pdwxulw|1 Wkh olplwlqj ydoxh ri
w k hv s r wu d w hl iw jhwv vpdoo lv +f . ￿,1 Li zh vhw wklv vxp htxdo wr wkh
|lhog ri wkh vkruwhvw pdwxulw|/ wkh 40prqwk Hxurpdunhw udwh/ dqg uhsodfh
f e| wkh |lhog ri wkh orqjhvw pdwxulw| lw iroorzv qdwxudoo| wr vhw ￿ htxdo
wr wkh glhuhqfh ehwzhhq wkh 60prqwk Hxurpdunhw udwh plqxv wkh |lhog
56Vrxufh= Gdwdvwuhdp1
57Wklv djuhhv zlwk Vfklfk +4<<:, iru wkh Ghxwvfkh Exqghvedqn1
58Qhovrq dqg Vlhjho +4<;:, zduq djdlqvw wkh xvh ri yhu| vkruw pdwxulwlhv olnh wkh
ryhuqljkw udwh ru Wuhdvxu| eloov zlwk wkh vkruwhvw whup ri 6 dqg 43 gd|v= \lhogv duh
frqvlvwhqwo| kljkhu/ suhvxpdeo| ehfdxvh ri uhodwlyho| odujh wudqvdfwlrq frvwv ryhu d vkruw
whup wr pdwxulw|1
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Wdeoh 5= Vxppdu| vwdwlvwlfv ri 44:9 revhuydwlrqv iurp Mdqxdu| 5;/ 4<<7
wr Mxo| 64/ 4<<;1 Ehvlghv wkh 4; qrq0fdoodeoh Vzlvv jryhuqphqw erqgv wzr
Hxurpdunhw udwhv duh lqfoxghg dw wkh wrs ri wkh wdeoh1
4<ri wkh erqg zlwk wkh pd{lpxp wlph wr pdwxulw|1 Dv wkh whup vwuxfwxuh
dw wkh ehjlqqlqj ri 4<<7 lv lqfuhdvlqj wkh uhpdlqlqj wzr sdudphwhuv duh
vhw wr 2 wr 4 dqg ￿ @4 1 Wkhvh ydoxhv wxuqhg rxw wr zrun zhoo iru
wkh lqyhvwljdwhg gdwd shulrg1 Diwhu wkh uvw lqlwldol}dwlrq/ wkh hvwlpdwhg
sdudphwhuv ri wkh suhylrxv gd| duh wdnhq dv wkh qhz vwduwlqj ydoxhv iru wkh
vxevhtxhqw hvwlpdwlrq1
Wkh vxp ri vtxduhg ghyldwlrqv ri wkh wkhruhwlfdo erqg |lhogv iurp wkh re0
vhuyhg rqhv ghvfulehg e| htxdwlrq +57, fdq eh irupxodwhg dv d orj olnholkrrg
ixqfwlrq1











Wkh yduldqfh 2 lv fdofxodwhg dv wkh vxp ri vtxduhg ghyldwlrqv glylghg e|
wkh qxpehu ri revhuydwlrqv Q1 Wklv orj olnholkrrg ixqfwlrq lv pd{lpl}hg
e| fkdqjlqj wkh sdudphwhu yhfwru  wkdw ghwhuplqhv wkh wkhruhwlfdo erqg
|lhogv159 Wkh orj olnholkrrg ixqfwlrq ghvfulehg e| htxdwlrq +58, lv frq0
vwudlqhg e| qrq0qhjdwlylw| frqglwlrqv iru wkh sdudphwhuv f dqg ￿1L qd g 0
glwlrq/ wkh iroorzlqj erxqgdulhv suryhg wr eh vxffhvvixo iru wkh frqvlghuhg
vdpsoh1
 Ehvlghv ehlqj qhyhu qhjdwlyh f lv qrw doorzhg wr ghyldwh pruh wkdq 6
shufhqwdjh srlqwv iurp wkh erqg |lhog zlwk wkh orqjhvw pdwxulw|1
 ￿ kdv wr olh lq wkh udqjh ri 	6 shufhqwdjh srlqwv iurp wkh glhuhqfh
ehwzhhq wkh 60prqwk Hxurpdunhw udwh plqxv wkh erqg |lhog zlwk wkh
orqjhvw pdwxulw|1
 Wkh orzhu erxqg iru 2 lv vhw wr 43 dqg wkh xsshu erxqg wr 531
 Wkh erxqgdulhv iru ￿ duh 3=38 dqg 531
Wkh dojrulwkp xvhg wr vroyh wklv qrqolqhdu surjudpplqj sureohp lv wkh
Vhtxhqwldo Txdgudwlf Surjudpplqj phwkrg frqwdlqhg lq wkh Pdwode Rswl0
pl}dwlrq Wrroer{15: Doo uhvwulfwlrqv dqg erxqgdulhv zhuh qhyhu elqglqj iru
wkh zkroh vdpsoh/ krzhyhu wkh| duh fuxfldo wr dfklhyh sodxvleoh vroxwlrqv1
916 Hpslulfdo Uhvxowv
Iljxuh : vkrzv wkh hyroxwlrq ri wkh sdudphwhu ydoxhv iurp Mdqxdu| 57/ 4<<7
wr Mxo| 64/ 4<<;1 Wkh sdudphwhu f uhyhdov wkdw wkh orqj0whup lqwhuhvw udwh
59Wkh whuplqdwlrq frqglwlrqv duh vhw dv iroorzv= Wkh remhfwlyh ixqfwlrq uhtxluhv d suh0
flvlrq dw wkh vroxwlrq ri e0e dqg wkh zruvw fdvh frqvwudlqw ylrodwlrq wkdw lv dffhswdeoh lv
e0.1 D pd{lpxp qxpehu ri lwhudwlrqv ri 633 zdv qhyhu h{fhhghg1
5:Vhh Wkh PdwkZrunv Lqf1 +4<<9, Xvhu*v Jxlgh iru wkh Rswlpl}dwlrq Wrroer{/ fkdswhu


























Iljxuh := Gdlo| sdudphwhu ydoxhv ri wkh Qhovrq0Vlhjho prgho iru wkh shulrg
iurp Mdqxdu| 4<<7 wr Mxo| 4<<;1
fkdqjhg rqo| voljkwo| ryhu wkh vdpsoh shulrg1 Krzhyhu/ uhfdoo iurp vhfwlrq
7 wkdw f ghwhuplqhv wkh olplwlqj ydoxh dqg iru qlwh wlphv wr pdwxulw| wkh
frpelqdwlrq zlwk wkh rwkhu sdudphwhuv pdwwhuv1 Wkh 530|hdu lqwhuhvw udwh
iru lqvwdqfh ghfuhdvhv iurp d pd{lpxp ri 8=:;3( rq Vhswhpehu </ 4<<7 wr
7=38:( dw wkh hqg ri wkh vdpsoh1
Vkruw0whup lqwhuhvw udwhv gursshg gxulqj wkh revhuyhg gdwd shulrg dv lw
fdq eh vhhq iurp wkh vxp ri f dqg ￿1 Zlwk vkruw lqwhuuxswlrqv dw wkh hqg
ri Dsulo 4<<7 xqwlo plg ri Pd| 4<<7 dqg lq Mxqh 4<<7 +iurp Mxqh 43 wr Mxqh
59, wkh vkruw whup lqwhuhvw udwh zdv deryh 7( xqwlo Vhswhpehu 45/ 4<<71
Wkhq zlwk wkh h{fhswlrq ri d odvw shulrg ri wkuhh gd|v lq Ghfhpehu 4<<7
+:0< Ghfhpehu, wkh vkruw udwh qhyhu h{fhhghg 7( djdlq1 Wkh vkruw0whup
udwh gursshg hyhq ehorz 4( dw hqg ri Pd| 4<<: dqg iurp wkh plg Iheuxdu|
4<<; xqwlo plg ri Pdufk 4<<;1
Wkh ￿ sdudphwhu frqvwdqwo| ghfuhdvhv dqg uhpdlqv qhjdwlyh gxulqj wkh
zkroh shulrg1 Lw ghvfulehv wkh vkruw0whup frpsrqhqw dqg d qhjdwlyh ydoxh
lqglfdwhv dq lqfuhdvlqj whup vwuxfwxuh1 Dw wkh ehjlqqlqj wkh whup vwuxfwxuh
lv edvlfdoo|  dw zlwk d voljkw wurxjk dw wkh vkruw hqg dqg khqfh wkh devroxwh
ydoxh ri ￿ lv forvh wr }hur dqg vpdoohu wkdq m2m1 Xqwlo Vhswhpehu 4<<7
wkh orqj whup udwhv lqfuhdvh dqg wkh vorsh ri wkh whup vwuxfwxuh ehfrphv
srvlwlyh1 Ghvslwh rffdvlrqdo wurxjkv +ehorz f, lq wkh yhu| vkruw uxq wkh
lqfuhdvlqj vkdsh shuvlvwv ryhu wkh uhpdlqlqj vdpsoh shulrg1 Wkh wurxjkv
rffxu dq| wlph zkhq lq devroxwh whupv wkh ydoxh ri ￿ lv vpdoohu wkdq 21
Lw lv uhdglo| dssduhqw/ wkdw 2 dqg ￿ vkrz pxfk pruh surqrxqfhg
54fkdqjhv ryhu wlph1 Pruhryhu/ lw fdq eh vhhq wkdw gxulqj vhyhudo shulrgv
2 wdnhv wkh ydoxh }hur1 2 @3wrjhwkhu zlwk d qhjdwlyh ￿ frh!flhqw vlj0
qlhv d prqrwrqlfdoo| lqfuhdvlqj dqg frqfdyh whup vwuxfwxuh1 Dv lw fdq eh
vhhq iurp jxuh : wkh whup vwuxfwxuh lv frqfdyh prvw ri wkh wlph iurp Mxqh
<7 wr Pdufk <8/ rq Iheuxdu| 49/ 4<<9/ dqg vhyhudo wlphv gxulqj wkh shulrg
iurp Mdqxdu| wr Pd| 4<<;1 Kxps vkdshv wkdw uhtxluh elj srvlwlyh ydoxhv
ri 2 gr qrw rffxu lq wkh vdpsoh1
Df k d q j hw rdy d o x hr i} h u ri r u2 lv xvxdoo| dffrpsdqlhg e| dq lqfuhdvh
lq ￿1 Dq lqfuhdvh lq ￿ fruuhvsrqgv wr d vkliw ri dq| fxuydwxuh lq wkh whup
vwuxfwxuh wr wkh uljkw1 Li 2 jhwv }hur wkh kxps lq wkh vkruw uxq glvdsshduv
dqg khqfh wkh voljkwo| ehqw fxuyh kdv qr orqjhu d surqrxqfhg fxuydwxuh
dw wkh vkruw hqg1 Wklv h{sodlqv wkh lqyhuvh uhodwlrqvkls ehwzhhq wkh wzr
sdudphwhuv1 Exw lw vkrxog eh vwuhvvhg wkdw d kljk ydoxh ri ￿ grhv qrw lpso|
dq h{wudruglqdu| vkdsh ri wkh whup vwuxfwxuh/ dv h1j= rq Mxqh 4/ 4<<7 zlwk
￿ @4 6 =8581 Elj +Vpdoo, ydoxhv vlpso| hqdeoh wr w wkh fxuydwxuh zhoo dw
orqj +vpdoo, pdwxulwlhv1
917 Urexvwqhvv Whvwv
Irxu phdvxuhv duh dqdo|}hg wr fkhfn wkh dffxudf| ri wkh hvwlpdwlrq uhvxowv1
 Wkh whuplqdo ydoxh ri wkh orj olnholkrrg ixqfwlrq1
 Wkh devroxwh dqg uhodwlyh dyhudjh |lhog huuru1
 Wkh vsuhdg ehwzhhq wkh kljkhvw dqg vpdoohvw ghyldwlrq
 Urrw phdq vtxduhg |lhog huuruv
Lq jxuh ; wkh ydoxh ri wkh orj olnholkrrg ixqfwlrq hydoxdwhg dw wkh vr0
oxwlrq ghfuhdvhv ryhu wkh revhuydwlrq shulrg1 Wr vrph h{whqw wklv iroorzv
qdwxudoo| iurp wkh lqfuhdvh ri wkh qxpehu ri dydlodeoh erqgv1 Dw wkh eh0
jlqqlqj ri wkh gdwd shulrg rqo| wkh wzr Hxurpdunhw udwhv irup wkh vkruw
vhjphqw ri wkh whup vwuxfwxuh zkhuhdv wrzdugv wkh hqg wkh revhuydwlrqv
duh vsuhdg ryhu wkh zkroh pdwxulw| udqjh dqg dq dssursuldwh w ehfrphv
pxfk pruh gl!fxow1 Krzhyhu/ lw lv dssduhqw wkdw wkh yrodwlolw| ri wkh orj
olnholkrrg ixqfwlrq lqfuhdvhv dw wkh hqg ri 4<<: xqwlo wkh ehjlqqlqj ri 4<<;1
Iljxuhv < dqg 43 pdnh dq lqwhuhvwlqj frpsdulvrq ehwzhhq wkh dyhudjh

















@|￿1 Wkh dyhudjh devroxwh |lhog huuru lv phdvxuhg lq
edvlv srlqwv +@3 =34 shufhqwdjh srlqwv, dqg wkh dyhudjh uhodwlyh |lhog huuruv
lq shufhqw1 Wkh dyhudjh devroxwh huuru grhv qrw ghyldwh vxevwdqwldoo| iurp
}hur1 Gxulqj wkh pdmru sduw ri wkh vdpsoh wkh dyhudjh devroxwh huuru lv























Iljxuh ;= Wkh orj olnholkrrg ixqfwlrq +vhh htxdwlrq 58 lq wkh wh{w, gdlo|
hydoxdwhg dw wkh vroxwlrq1
Rq wkh rwkhu kdqg wkh dyhudjh uhodwlyh |lhog huuruv dprxqw wr ydoxhv
xs wr 3=7<4( rq Iheuxdu| 53/ 4<<;1 Wkh uhdvrq lv wkdw wkh lqwhuhvw udwh
ohyho dw wkh ehjlqqlqj ri 4<<; lv h{wuhpho| orz/ hvshfldoo| dw wkh vkruw hqg/
dqg khqfh vpdoo devroxwh ghyldwlrqv dprxqw wr frqvlghudeoh shufhqwdjh gh0
yldwlrqv1 Rq Iheuxdu| 53/ 4<<;/ wkh 40prqwk Hxurpdunhw udwh lv dw 3=:<5(
dqg wkh wkhruhwlfdo vsrw udwh edvhg rq wkh Qhovrq2Vlhjho hvwlpdwlrqv lv 3=474
shufhqwdjh srlqwv/ l1h= 4:=;7;( kljkhu1 Rq wkh frqwudu| wkh prgho ydoxh zdv
3=648 shufhqwdjh srlqwv orzhu wkdq wkh revhuyhg 40|hdu Hxurpdunhw udwh ri
3=<4;(/ d glhuhqfh |￿7  | ri 54=:9;(1 Wkh lqglylgxdo erqg |lhogv duh
ryhuhvwlpdwhg xs wr 7=:96( +wkh 718( Mxo| 5335 erqg, dqg wkh eljjhvw gh0
yldwlrqv frqfhuq pdlqo| vkruw0whup erqgv1 Rq dyhudjh d srvlwlyh ghyldwlrq
iurp wkh pdunhw |lhogv uhvxowv/ exw dv lqwhuhvw udwhv duh dw d orz ohyho wkhvh
ghyldwlrqv duh qrw vxevwdqwldo lq devroxwh whupv1









dqg wkh devroxwh |lhog huuru vsuhdg/ ghqhg dv wkh glhuhqfh ehwzhhq wkh











Ghvslwh wkh lqfuhdvh lq wkh qxpehu ri erqgv/ wkh |lhog huuru vsuhdg grhv qrw
lqfuhdvh ryhu wlph1 Erwk phdvxuhv uhyhdo vlplodu fkdudfwhulvwlfv dqg h{klelw
djdlq dq dxjphqwhg yrodwlolw| dw wkh hqg ri 4<<: xqwlo wkh ehjlqqlqj ri 4<<;1
Elj |lhog huuru vsuhdgv duh xvxdoo| gxh wr d vlqjoh erqg |lhog revhuydwlrq/



















































Iljxuh <= Dyhudjh devroxwh ghyldwlrqv ri wkh hvwlpdwhg |lhogv iurp wkh re0





























































































Iljxuh 44= Wkh urrw phdq vtxduhg huuruv dqg wkh vsuhdg ehwzhhq wkh pd{0
lpxp srvlwlyh dqg qhjdwlyh devroxwh ghyldwlrq1
lv ryhuhvwlpdwhg e| 3=6<7 shufhqwdjh srlqwv/ suredeo| gxh wr looltxlg wudglqj
rq wkdw gd|1
: Frqfoxvlrqv
Wkh sduvlprqlrxv Qhovrq dqg Vlhjho +4<;:,prgho dqg lwv h{whqvlrq e| Vyhqv0
vrq +4<<7, duh zlgho| xvhg dprqj fhqwudo edqnv1 Wklv sdshu fdoleudwhv
wkh Qhovrq2Vlhjho dssurdfk wr Vzlvv pdunhw1 Wkh olplwhg qxpehu ri qrq0
fdoodeoh Vzlvv jryhuqphqw erqgv suhyhqwv wkh dssolfdwlrq ri wkh Vyhqvvrq
prgho1 Diwhu dq lqwurgxfwlrq ri wkh ixqgdphqwdo uhodwlrqvklsv rq wkh {hg0
lqfrph pdunhw/ wkh vhqvlwlylwlhv dqg wkh lqwhusuhwdwlrq ri wkh sdudphwhuv lq
wkh Qhovrq2Vlhjho prgho duh dgguhvvhg lq ghwdlo1 Wkh Qhovrq2Vlhjho prgho lv
frpsduhg wr wkh h{whqvlrq e| Vyhqvvrq dqg wkh jhqhudo hvwlpdwlrq surfhvv
lv h{sodlqhg1 Wkh hvwlpdwlrq lv lpsohphqwhg dv d frqvwudlqhg rswlpl}dwlrq
sureohp dqg sdudphwul}hg iru wkh Vzlvv pdunhw1 Wkh hvwlpdwlrq uhvxowv
vxjjhvw wkh iroorzlqj frqfoxvlrqv=
 Wkh remhfwlyh ixqfwlrq wr eh plqlpl}hg lv wkh vxp ri vtxduhg ghyl0
dwlrqv ri wkh hvwlpdwhg |lhogv iurp wkh revhuyhg pdunhw |lhogv1 Wkh
nqrzohgjh ri wkh olplwlqj ydoxhv dqg wkh hfrqrplf lqwhusuhwdwlrq lv
qhhghg wr frqvwudlq wkh sdudphwhuv vr wkdw frqyhujhqfh wr dffxudwh
whup vwuxfwxuhv rq doo 44:9 revhuydwlrq gd|v lv jxdudqwhhg1
 Wkh olplwlqj orqj0whup lqwhuhvw udwh f lv vwdeoh ryhu wlph dqg h{0
58wudsrodwlrqv eh|rqg wkh pdwxulw| udqjh ri wkh dydlodeoh erqgv gholyhu
sodxvleoh uhvxowv1 Frqvlghudeoh fkdqjhv lq wkh sdudphwhu ydoxhv 2 dqg
￿ gr qrw wudqvodwh lqwr elj fkdqjhv lq wkh vkdsh ri wkh whup vwuxf0
wxuh1 Wkh dyhudjh erqg |lhog huuruv lq devroxwh dqg uhodwlyh whupv duh
forvh wr }hur dqg dovr wkh urrw phdq vtxduhg huuruv duh vpdoo dqg txlwh
vwdeoh ryhu wlph dqg frqup wkdw wkh hvwlpdwhg whup vwuxfwxuhv duh
vprrwk dqg frqflvh1
 Wkh hvwlpdwlrqv surylgh vprrwk whup vwuxfwxuhv1 Vlqjoh rxwolhuv lq
wkh gdwd vhw gr qrw dhfw wkh hvwlpdwlrq uhvxowv vhulrxvo|1 Krzhyhu/ lq
wkh yhu| vkruw uxq/ wkh odfn ri vx!flhqw wudghg jryhuqphqw erqgv lq
Vzlw}huodqg fuhdwhv lpsodxvleoh fxuydwxuhv1 Frqvhtxhqwo|/ wkh xvh iru
sulflqj vkruw0whup ghulydwlyhv rq orqj0whup lqwhuhvw udwh surgxfwv lv
sureohpdwlf1 Iru prqhwdu| srolf| dqdo|vlv rq wkh rwkhu kdqg/ zkhuh
wkhuh lv ohvv qhhg iru d suhflvh wwlqj ri orfdo dqrpdolhv wkdq zkhq
sulflqj qdqfldo lqvwuxphqwv/ wkh Qhovrq2Vlhjho prgho lv yhu| dwwudf0
wlyh1
Uhihuhqfhv
Ehhu/ X1 +4<<3,1 Hlqh Phwkrgh }xu Vfkçw}xqj ghu ]lqvvwuxnwxu ghu Vfkzhl}/
Vfkzhl}hulvfkh ]hlwvfkuliw i u Yronvzluwvfkdiw xqg Vwdwlvwln Yro1 459/
Qr1 4= 6<7<1
Eudqgqhu/ S1 dqg Mdhjhu/ D1 +4<<5,1 ]lqvqlyhdx xqg ]lqvvwuxnwxu lq Ùvwhu0
uhlfk/ ZLIR Zlhq1
Euhhgrq/ I1 +4<<8,1 Erqg sulfhv dqg pdunhw h{shfwdwlrqv ri lq dwlrq/ Edqn
ri Hqjodqg Txduwhuo| Exoohwlq Yro1 68= 4934981
Exqghvedqn/ G1 +4<;6,1 Glh ]lqvhqwzlfnoxqj vhlw 4<:;/ Prqdwvehulfkwh ghu
Ghxwvfkhq Edqn Qr1 41
Exqghvedqn/ G1 +4<<4,1 Glh ]lqvhqwzlfnoxqj xqg ]lqvvwuxnwxu vhlw Dqidqj
ghu dfk}ljhu Mdkuh/ Prqdwvehulfkwh ghu Ghxwvfkhq Exqghvedqn 1
Exqghvedqn/ G1 +4<<:,1 Vfkçw}xqj yrq ]lqvvwuxnwxunxuyhq/ Prqdwvehulfkwh
ghu Ghxwvfkhq Exqghvedqn 1
Fohyhodqg/ Z1 V1 +4<:<,1 Urexvw orfdoo|0zhljkwhg uhjuhvvlrq dqg vprrwk0
lqj vfdwwhusorwv/ Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq Qr1
:7= ;5<691
Frrshu/ Q1 dqg Vwhhoh|/ M1 +4<<9,1 J: |lhog fxuyhv/ Edqn ri Hqjodqg Txdu0
whuo| Exoohwlq ss1 4<<53;1
59Ghdfrq/ P1 dqg Ghuu|/ D1 +4<<7d,1 Hvwlpdwlqj pdunhw lqwhuhvw udwhv dqg
lq dwlrq h{shfwdwlrqv iurp wkh sulfhv ri XN jryhuqphqw erqgv/ Edqn
ri Hqjodqg Txduwhuo| Exoohwlq Yro1 57/= 5655731
Ghdfrq/ P1 dqg Ghuu|/ D1 +4<<7e,1 Hvwlpdwlqj wkh whup vwuxfwxuh ri lqwhuhvw
udwhv/ Edqn ri Hqjodqg Zrunlqj Sdshu Qr1 571
Ghssqhu/ F1 +4<<5,1 Glh Vfkçw}xqj ghu ]lqvvwuxnwxu xqg ghuhq Ehghxwxqj
lq ghu Ndslwdopdunwwkhrulh= Hlqh hpslulvfkh Xqwhuvxfkxqj dxi Edvlv
yrq pxowlsohq Uhjuhvvlrqv0 xqg Rswlplhuxqjvprghoohq plw Gdwhq ghv
vfkzhl}hulvfkhq Uhqwhqpdunwhv/ Urvfk0Exfk/ Kdoovwdgw1
Jh|hu/ D1 dqg Pdghu/ U1 +4<<<,1 Hvwlpdwlrq ri wkh whup vwuxfwxuh ri lqwhuhvw
udwhv= D sdudphwulf dssurdfk/ Zrunlqj Sdshu Vhulhv ri wkh Rhvwhuuh0
lfklvfkh Qdwlrqdoedqn Qr1 6:1
Kdplowrq/ M1 G1 +4<<5,1 Wlph Vhulhv Dqdo|vlv/ Sulqfhwrq Xqlyhuvlw| Suhvv1
Khoohu/ G1 +4<<:,1 ]lqvnxuyhq xqg lku Lqirupdwlrqvjhkdow i u glh Jhog0
srolwln ghu VQE/ Txduwdovkhiw ghu Vfkzhl}hulvfkhq Qdwlrqdoedqn> Jhog/
Zçkuxqj xqg Nrqmxqnwxu Qr1 51
Mrqghdx/ H1 dqg Ulfduw/ U1 +4<<:,1 Oh frqwhqx hq lqirupdwlrq gh od shqwh ghv
wdx{= Dssolfdwlrq dx fdv ghv wlwuhv sxeolf iudqêdlv/ Edqtxh gh Iudqfh/
Zrunlqj Sdshu Qr1 76=4  6 3 1
PfFxoorfk/ M1 K1 +4<:4,1 Phdvxulqj wkh whup vwuxfwxuh ri lqwhuhvw udwhv/
Mrxuqdo ri Exvlqhvv Yro1 77= 4<641
PfFxoorfk/ M1 K1 +4<:8,1 Wkh wd{0dgmxvwhg |lhog fxuyh/ Wkh Mrxuqdo ri
Ilqdqfh Yro1 63= ;44;631
Qhovrq/ F1 U1 dqg Vlhjho/ D1 I1 +4<;:,1 Sduvlprqlrxv prghoolqj ri |lhog
fxuyhv/ Mrxuqdo ri Exvlqhvv Yro1 93= 7:77;<1
Slfkohu/ V1 +4<<;,1 Huplwwoxqj ghu ]lqvvwuxnwxu= Hydoxlhuxqj dowhuqdwlyhu
Yhuidkuhq i u ghq ùvwhuuhlfklvfkhq Uhqwhqpdun/ Ghxwvfkhu Xqlyhu0
vlwçwvyhuodj/ Jdeohu1
Suhvv/ Z1 K1/ Whxnrovn|/ V1 D1/ Yhwwhuolqj/ Z1 W1 dqg Iodqqhu|/ E1 S1 +4<<5,1
Qxphulfdo Uhflslhv lq Sdvfdo/ 5qg hgq/ Fdpeulgjh Xqlyhuvlw| Suhvv1
Ulfduw/ U1 dqg Vlfvlf/ S1 +4<<8,1 Hvwlpdwlrq g*xqh vwuxfwxuh sdu whuph ghv
wdx{ g*lqwìuíw vxu grqqìhv iudqêdlvhv/ Edqtxh gh Iudqfh/ Zrunlqj Sd0
shu Qr1 55= 7:831
Vfkdhihu/ V1 P1 +4<;4,1 Phdvxulqj d wd{0vshflf whup vwuxfwxuh ri lqwhuhvw
udwhv lq wkh pdunhw iru eulwlvk jryhuqphqw vhfxulwlhv/ Wkh Hfrqrplf
Mrxuqdo Yro1 <4= 74876;1
5:Vfklfk/ V1 W1 +4<<:,1 Dowhuqdwlyh Vsh}lndwlrq ghu ghxwvfkhq ]lqvvwuxn0
wxunxuyh xqg lku Lqirupdwlrqvjhkdow klqvlfkwolfk ghu Lq dwlrq/ Zrunlqj
Sdshu ghu Ghxwvfkhq Exqghvedqn Rnwrehu= 4771
Vkloohu/ U1 M1 +4<<3,1 Wkh whup vwuxfwxuh ri lqwhuhvw udwhv/ lq E1 Iulhgpdq
dqg I1 Kdkq +hgv,/ Kdqgerrn ri Prqhwdu| Hfrqrplfv/ Hovhylhu Vflhqfh
Sxeolvkhuv/ fkdswhu 46/ Yro1 4/ ss1 95<9871
Vrpphu/ P1 +4<<<,1 Ghu Erqlwçwvulvlnr0vsh}lvfkh Lqirupdwlrqvjhkdow
yrq Fuhglw Udwlqjv 0 Hlqh Hpslulvfkh Xqwhuvxfkxqj i u ghq FKI0
Ndslwdopdunw1 Vhphvwhuduehlw/ Xqlyhuvlwçw ] ulfk1
Vwhhoh|/ M1 P1 +4<<4,1 Hvwlpdwlqj wkh jlow0hgjhg whup vwuxfwxuh= Edvlv vsolqhv
dqg frqghqfh lqwhuydov/ Mrxuqdo ri Exvlqhvv Ilqdqfh dqg Dffrxqwlqj
Yro1 4;/ Qr1 7= 84685<1
Vyhqvvrq/ O1 H1 R1 +4<<7,1 Hvwlpdwlqj dqg lqwhusuhwlqj iruzdug lqwhuhvw
udwhv= Vzhghq 4<<504<<7/ QEHU Zrunlqj Sdshu Qr1 7;:41
Wreohu/ M1 +4<<<,1 Hlq }zhlvwxjhv Yhuidkuhq }xu Vfkçw}xqj ghu ]lqvnxuyh/
Vfkzhl}hulvfkh ]hlwvfkuliw i u Yronvzluwvfkdiw xqg Vwdwlvwln Yro1 468/
Qr14= 74:71
5;